A B S T R A C T Studies have been performed on a 12-yrold Chinese girl with. compensatory erythrocytosis due to the presence of hemoglobin Bethesda comprising about 45% of the red cell hemoglobin. Her parents and three siblings were normal. The oxygen affinity of her blood was markedly increased: under physiological conditions (pH 7.40, 370C), P5o was 12.8 mm Hg (normal = 26.5 mm Hg). The red cell 2,3-diphosphoglycerate (2,3-DPG) level was normal. The abnormal hemoglobin could not be separated from hemoglobin A by zone electrophoresis at pH 8.6 or isoelectric focusing on polyacrylamide gel. However, after the hemoglobin was split into free a and P chains by treatment with p-hydroxymercuribenzoate (PMB) or 6 M urea, an abnormal P chain was readily demonstrated having a higher isoelectric point (more positive net charge) than normal PA. Structural analysis of the variant P chain demonstrated the substitution of histidine for tyrosine at position 145: hemoglobin Bethesda (a2,82l45i N). From earlier chemical and crystallographic studies, it has been postulated that this residue is a critical determinant of hemoglobin function. Hemoglobin Bethesda was separated from hemoglobin A by column chromatography. Oxygen equilibria of purified hemoglobin Bethesda revealed an extremely high oxygen affinity (exceeding that of isolated a and P chains), and
INTRODUCTION
Although most human hemoglobin variants appear to be functionally similar to hemoglobin A, an increasing number with markedly abnormal oxygen-binding properties have been found. Individuals heterozygous for a hemoglobin variant of unusually high oxygen affinity generally have compensatory erythrocytosis. This clinical phenomenon has provided new information on the physiological relationship between oxygen delivery and regulation of red cell mass.
In this report we present structural and functional information on a hemoglobin of high oxygen affinity, found in an asymptomatic Chinese girl with erythrocytosis. This hemoglobin variant has been found to be structurally identical with hemoglobin Bethesda (a2, lyr Ils) reported recently by Hayashi, Stamatoyannopoulos, Yoshida, and Adamson (2) . Functional studies of this hemoglobin are of considerable relevance since recent X-ray crystallographic studies of Perutz have assigned considerable importance to this residue (3) . Furthermore, our patient is of additional interest since her abnormal hemoglobin appears to have arisen because of a spontaneous mutation. A preliminary report of this work has appeared elsewhere (1 (2, was determined by the method of Keitt (4) and Lowry, Passonneau, Hasselberger, and Schulz (5) . Hemolysates were prepared according to Drabkin (6) . Alkali-resistant hemoglobin was measured by the method of Singer, Chernoff, and Singer (7) . Hemoglobin solutions were analyzed by zone electrophoresis on starch gel and cellulose acetate at pH 8.6, and also by isoelectric focusing in polyacrylamide gel as described previously (8) . Hemoglobins A and Bethesda were separated in the cold by chromatography on carboxymethylcellulose (CM-cellulose).' The resin was equilibrated with 0.01 M phosphate buffer, pH 7.0. After overnight dialysis of the hemolysate against this buffer, 600 mg of hemoglobin was applied to the column (2.5 X 25 cm). A linear gradient was established by 800 ml of the equilibrating buffer in the mixing vessel and an equal volume of 0.01 M phosphate, pH 7.9, in the inflow vessel. A flow rate of 20 ml/hr was maintained. Hemoglobin-rich peaks were concentrated by pressure dialysis' and dialyzed vs. 0.1 M NaCl, 0.01 M Tris buffer, pH 8.0, before study. Isolated heme-intact a and p chains were prepared from normal human hemolysate by the method of Bucci and Fronticelli (9) . The globin thiols were regenerated as described by Geraci, Parkhurst, and Gibson (10) .
Structural analysis. The methods outlined by Clegg, Naughton, and Weatherall (11) were followed with minor modifications for the preparation of globin, separation of the abnormal 8 globin from the normal a and # chains on CMcellulose columns in the presence of urea and mercaptoethanol, tryptic digestion, peptide mapping, elution of the peptides from the peptide maps, and acid hydrolysis. Aminoethylation of the 8 globin before tryptic digestion was performed initially but proved to be unnecessary for these studies. The acid hydrolysates were dried by flash evaporation, dissolved in citrate buffer, pH 2.2, and applied to a Beckman/Spinco 120C Amino Acid Analyzer (Beckman Instruments, Inc., Spin~o Div., Palo Alto, Calif.)
The amino acid sequence of the carboxyterminal portion of isolated 8 globin chains was determined by digestion with carboxypeptidase A (CPA-DFP, Sigma Chemical Co., St. Louis, Mo., 20 units/mg protein) (12) . A substrate to enzyme ratio of 150: 1 was employed. The reaction was carried out in 0.025 M barbital buffer, pH 8.8, at 25°C. Isoleucine was added as an internal standard before the addition of the enzyme and a sample removed for acid hydrolysis and amino acid analysis. Samples were removed from the reaction mixture at intervals and the reaction was stopped by the addition of 0.4 volumes of cold glacial acetic acid. These solutions were applied directly to the amino acid analyzer.
Oxygen equilibria. Oxygen equilibrium curves were determined on whole blood and concentrated hemoglobin solutions by the method of Duvelleroy, Buckles, Rosenkaimer, Tung, and Laver (13) . A specimen of deoxygenated whole blood is exposed to a known quantity of oxygen in a closed chamber, and continuous simultaneous recording of blood and gas phase Po2 permit a display of blood Po2 vs. 02 [15] .) The reticulocyte count was 'Instrumentation Laboratory, Inc., Lexington, Mass. 2.2%. The red cell indices and white cell and platelet counts were within normal limits. Morphology of peripheral blood cells was also normal. Hemoglobin electrophoresis on paper, starch gel, and cellulose acetate at pH 8.6 showed no abnormal components. Alkali-resistant hemoglobin was 2% of the total. No unstable hemoglobin could be demonstrated by either Heinz body preparations or by incubating the patient's hemolysate at 550C (16) .
Because of the patient's unexplained erythrocytosis, oxygen equilibrium of the whole blood was determined and found to be markedly abnormal (Fig. 1) . Red cell 2,3-DPG was 4.5 mmoles/liter packed red cells (normal range: 4-5 mM). Red cell ATP was also within normal limits. Oxygen equilibria done on hemolysate "stripped" of all organic phosphates (17) confirmed the presence of hemoglobin of high oxygen affinity (Table I ). In contrast oxygen equilibria done on stripped hemolysates of both parents and all three siblings were within normal limits. Neither paternity nor maternity could be excluded by a comparison of 27 red cells and 7 serum antigens in P. L. and her parents.'
Isolation of hemoglobin variant
Since these results suggested that the red cells of the proposita contained a functionally abnormal hemoglobin, attempts were made to isolate it. Because no abnormal hemoglobin could be detected by zone electrophoresis at pH 8.6, the hemolysate was analyzed by isoelectric focusing on polyacrylamide gel. This technique, which has very high resolution, has proven effective in separating other hemoglobins (8) . As shown in Fig. 2 , the pattern was indistinguishable from that of a normal hemolysate. However, after P. L.'s hemoglobin was split into a and P subunits with p-hydroxymercuribenzoate (PMB) (9), isoelectric focusing (but not electrophoresis on cellulose acetate) revealed the presence of a second P chain approximately equal in amount to the normal f chain but having a higher isoelectric point (Fig. 2 ). The abnormal P chain could not be detected in the PMB-treated hemolysate of either parent. P. L.'s abnormal P chain could also be demonstrated and isolated from heme-free globin as described below. The variant tetramer could be separated from hemoglobin A by chromatography of P. L.'s hemolysate on CM-cellulose. A representative elution pattern is shown in Fig. 3 .-These purified hemoglobins contained less than 5% methemoglobin.
Structural studies When globin was separated on "urea columns," the abnormal P globin was eluted just after the normal P chains. The normal P globin served as a control for the structural studies. Tryptic peptide XV (P Tp XV) was absent from the peptide maps of the abnormal P chain. This dipeptide contains the carboxyterminal histidine and the penultimate residue tyrosine. A new, ninhydrin-reactive peptide was shown by staining techniques to contain histidine but not tyrosine. Amino acid analysis of the acid-hydrolysed abnormal peptide revealed only histidine. No residues were resolved when the unhydrolysed peptide was analyzed indicating that the abnormality was not a deletion of the tyrosine. Determination of the amino acid sequence of the carboxyterminal portion of the abnormal P chain (Fig. 4) 
Functional studies
Whole blood and hemolysate. Fig. 1 shows an arithmetic plot of the oxygen affinity of whole blood of the proposita and a normal coauthor studied under physiological conditions.' The oxygen affinity of the patient's blood was markedly increased with half-saturation at 12.8 mm Hg contrasted with the normal of 26.5 mm Hg. These data were plotted on a double logarithmic scale according to the Hill equation: log (1 Y) = n log Po2 -n log P50, where Y is the fractional saturation of hemoglobin with 'Correction of pH determined for the whole blood equilibrium curve in vitro at 37°C was applied according to the Severinghaus Blood Gas Calculator (18) . Since data are not available on the red cell pH or the Bohr factor (A log Po2/ A pH) for P. L.'s blood, the value for P6o at pH 7.4 and the curve drawn for her blood in Fig. 1 is tentative. The measured pH was 7.37 at the time the curves were drawn and the maximum error in the calculation of P50 at pH 7.4 is less than lmm Hg. The n value for hemoglobin Bethesda was taken from oxygen equilibria done on the purified hemoglobin in the presence of 2,3-DPG (see Table III ). The plot (-) is constructed on the assumption that the two hemoglobins are noninteracting;
i.e., the hybrid asfiBeth"'a is not favored. In contrast, if the hybrid were formed according to the binomial distribution It is a summation of two independent Hill equations:
hemoglobin A (Po =28 mm Hg, n = 2.8) and hemoglobin Bethesda (P6o = 3.7, n = 1.6). The fact that the experimental data (curve A, solid dots) fit so well with this theoretical plot (curve A, solid line) indicates that the hybrid aftpBethusda is not favored. If a significant amount of the hybrid were present, a different Hill plot would be expected (Fig. 5) . The effect of the addition of 2,3-DPG to a fresh hemolysate of P.L.'s blood is shown in Fig. 6 . This experiment was done with 6 g/100 ml hemoglobin solutions in 0.05 M phosphate, pH 7.03, 370C. It is apparent that 2,3-DPG effects more of a "rightward shift" on the upper portion of the curve than the lower portion. This indicates that the variant hemoglobin interacts with 2,3-DPG less strongly than hemoglobin A, a finding confirmed by studies on the isolated hemoglobins (see below).
Isolated hemoglobins. Visible spectra (500-750 nm) of the oxy-and deoxy-forms of hemoglobin Bethesda were normal.' The absorbance ratio 540 nm/280 nm was 'In contrast, the spectrum of deoxyhemoglobin Bethesda in the Soret region (400-450 nm) has been shown to be similar to that of isolated a and pB chains, rather than normal identical for the variant and normal hemoglobins, indicating that hemoglobin Bethesda has four heme groups per tetramer (19) . Oxygen equilibria of hemoglobin A (and also hemoglobin A2) prepared from P. L.'s hemolysate showed the expected low oxygen affinity and normal heme-heme interaction (n = 2.8). In contrast, the oxygen affinity of hemoglobin Bethesda was very high, exceeding that of isolated a or P chains (Table II and The pattern of these Hill plots was reproducible on repeat experiments. The proximity of these asymptotes to one another indicates a very low energy of interaction between subunits (20) . At the extremes of oxygen saturation (Y < 0.05 and Y > 0.95) hemoglobin A also approaches an n of 1.0 (20) . The much greater distance between these asymptotes reflects a correspondingly greater degree of subunit interaction. The oxygen affinity of hemoglobin Bethesda was little affected by pH (Fig. 8) . The alkaline Bohr effect, expressed quantitatively as A log Pm/A pH, was 1/3 normal: -0.21 vs. -0.57. As shown in Table III , the oxygen affinity of hemoglobin Bethesda was appreciably lowered by 2,3-DPG and inositol hexaphosphate although to a lesser extent than hemoglobin A. Furthermore, the presence of these organic phosphates brought about a significant increase in subunit cooperativity as estimated by Hill's n. DISCUSSION The usual criteria indicating the presence of a hemoglobin variant are the presence of an abnormal band on zone electrophoresis in conjunction with positive family studies. These were both lacking in our patient. The abnormal whole blood oxygen saturation curve provided the first evidence that P. L.'s erythrocytosis was due to the presence of a functionally abnormal hemoglobin. The oxygen affinity, as depicted -by the marked left shift of the oxygen saturation curve (Fig. 1) , is as high as any reported to date for human blood (21, 22) . Initial attempts to demonstrate a hemoglobin variant in P. L.'s hemolysate were unsuccessful. 8 Only when her hemoglobin was split into a and P chain subunits could a mutant P chain be demonstrated. Fortunately, the variant hemoglobin in its native (tetrameric) form could be isolated by column chromatography. As with most other P chain variants, it comprised about half of the hemoglobin in the red cell hemolysate.
Genetic considerations. Studies of the red cell and serum antigens of the proposita and her parents strongly suggest that the abnormal P chain arose in the proposita as the result of a spontaneous mutation in a parental germ cell or early in embryogenesis. 20 We have analyzed these substitutions in terms of the RNA genetic code. There were 14 pyrimidine transitions: 10 uracil to cytosine (U-+C) and 4 cytosine to uracil (C---U). There were three purine transitions: two guanine to adenine (GINA) and one adenine to guanine (AGOG). Finally, there were three transversions (purine to pyrimidine or vice versa): G->U, U-->G, and U-SA. While both the small number of cases and the uncertainties regarding ancestry do not permit a firm analysis of these observations, it is noteworthy that the proportion of pyrimidine transitions in this series greatly exceeds that expected either from considerations of the genetic code or from the reported experience with human hemoglobin variants.
The classes of base replacements that account for the amino acid substitutions in 115 variants of hemoglobin A are listed in Table V . The proportions of the transitions and transversions that would be expected in the a and P chains if base replacement were random cannot be calculated with precision because the specific codon for each amino acid is not known, but would approximate 15% for each of the two classes of transitions and 70% for the transversions.10 It is apparent from the data in Table V that there are substantial deviations from these expectations among the reported hemoglobin variants. A number of factors contribute to the observed proportion of the transitions and transversions.
The asymptomatic hemoglobin variants have largely been discovered by electrophoretic techniques during the course of population surveys. With three possible excep-'The proportion of amino acid substitutions which would result from pyrimidine and purine transitions and transversions if mutation were random cannot be calculated with precision because the specific codon, of the several possible codons, is not known for each amino acid residue. We have calculated the range of mutations expected for each class of mutations in hemoglobin based on the amino acid composition of the a and A globin chains and assuming that the a chain genetic locus has been duplicated (23) . There are 428 codons at risk with 3852 possible one-step mutations. Of those which would result in amino acid substitutions, purine transitions would account for 418-479, pyrimidine transitions for 319434, and transversions for 1885-2142. tions, amino acid substitutions due to pyrimidine transitions have been identified only when clinical manifestations have directed attention to the hemoglobins. The relatively high number of pyrimidine transitions among the unstable hemoglobin variants can possibly be explained by the nature of the amino acid substitutions which produce instability of the hemoglobin molecule (24) . Conversely, many possible transversions and purine transitions may be lethal, and consequently undetectable, because they would lead to the introduction of a charged amino acid residue into the hydrophobic interior of the hemoglobin molecule. In general, only hydrophobic substitutions can be tolerated in this region of the molecule although they may produce instability of the hemoglobin by their failure to participate in normal bonding forces exerted over short distances with other amino acids and with the heme group. It is apparent from these brief considerations that no firm conclusions about the relative pathogenicity of the several classes of mutations can be derived from the distribution of these mutations among the symptomatic hemoglobin variants. ' The large number of purine transitions has been shown by Fitch (25) and Vogel (26) to represent chiefly the replacement of guanine by adenine (RNA code). 25 of the 114 mutations summarized in Table V were of this type. The reverse mutation, adenine to guanine, occurred in only 14 cases. These authors suggested that a higher probability existed for this particular mutational event, i.e., G-IA. However, Ohta and Kimura (27) recently presented evidence that base mutation in hemoglobin is random and attributed the high proportion of guanine to adenine transitions to a differential survival of randomly occurring mutations. The proportion of the various types of mutations is influenced by the fitness of the hemoglobin variants and the limitations of the techniques employed to detect these variants. The relative frequency of the various types of mutations cannot be derived from such data. It is not surprising that all of the reported "new" mutant hemoglobins had clinical manifestations since the symptomatic hemoglobins are drawn from a vastly larger population than the benign variants which are discovered during the course of population surveys. It is also probable that family studies are done more commonly when the variant is associated with disease. It cannot be concluded that spontaneous mutations are likely to be detrimental, although it is recognized that the decreased fitness of defective hemoglobins would cause the proportion of these variants to be higher among those discovered in the first generation than among those which have accumulated in the population. The fitness of the reported new mutations cannot be adequately assessed. Several, such as the' M hemoglobins and hemoglobin Bethesda, would seem to pose little threat to the life expectancy of the affected individual although the impaired transfer of oxygen across the placenta may influence the reproductive potential of affected females.
Structural-functional relationships. Purified phosphate-free hemoglobin Bethesda had extraordinarily high oxygen affinity, greater than that of isolated a and f chains, or any other hemoglobin variant thus far studied by ourselves (Table II) or others. Furthermore, this hemoglobin had very low cooperativity between subunits and decreased Bohr effect. It was possible that a significant amount of denaturation occurred during the column preparation. This seems unlikely, however, since hemoglobin A recovered from the same column, had normal cooperativity (n=2.8), and its oxygen affinity was only slightly higher than that of normal phosphatefree hemolysate. Also, a marked reduction in oxygen affinity and a significant increase in cooperativity was observed when hemoglobin Bethesda was studied in the presence of inositol hexaphosphate (see below). This cofactor lowers the'oxygen affinity of hemoglobin even more effectively than 2,3-DPG (28).
It is useful to consider the abnormal functional behavior of hemoglobin Bethesda in terms of its structural mutation: fi14Tyr Hi. Recent high resolution X-ray crystallography data of Perutz (3) indicate that deoxyhemoglobin A is stabilized by specific constraints that are not energetically favorable when the molecule binds ligands such as oxygen. Among these are inter-and intrasubunit salt bonds, including specific residues responsible for the binding of 2,3-DPG and Bohr protons.
The salt bonds are broken upon oxygenation. Furthermore, Perutz has presented evidence that in deoxyhemoglobin, the penultimate tyrosines of both a and P chains are stabilized in pockets between the F and H helices in part by van der Waal's forces and in part by hydrogen bonding between the tyrosines' hydroxyls and the carbonyls of valines FG5. Upon oxygenation, these tyrosines are ejected and the C terminal residues, now free of constraints, are able to' rotate freely. In deoxyhemoglobin Bethesda the partially ionized histidine would be probably unable to occupy the hydrophobic pocket. This appears to prevent the formation of the oxygenlinked salt bridges of the P carboxyterminal histidine. In normal hemoglobin A, the bonding of its imidazole with the carboxyl group of P94 aspartic acid is thought to account for about half of the alkaline Bohr effect (3) . Thus, in deoxyhemoglobin Bethesda, the substitution of histidine for the penultimate tyrosine of the P chains probably prevents adequate stabilization of the deoxy tetramer. In comparison to hemoglobin A, the equilibrium between the constrained or deoxy-conformation and the relaxed or liganded conformation would be shifted in favor of the latter. These considerations probably account for the molecule's high oxygen affinity, low cooperativity, and decreased Bohr 'effect. Other hemoglobin variants with abnormally high oxygen affinity have also been viewed in terms of the equilibrium between deoxyand liganded conformations (29, 30) . Further experimental data on hemoglobin Bethesda strengthens such an interpretation. Olson and Gibson have found that deoxyhemoglobin Bethesda dissociated reversibly into dimers (ashi .2 afi) under conditions wherein deoxyhemoglobin A remained entirely tetrameric. However, in the presence of inositol hexaphosphate, the subunit dissociation of deoxyhemoglobin Bethesda was abolished. Furthermore, in the presence of this potent anionic cofactor, the molecule acquired some degree of functional integrity: the absorbence spectrum in the Soret (400-450 nm) now resembled that of deoxyhemoglobin A and there was kinetic evidence for cooperativity between subunits (see footnote 7).-It is interesting to compare hemoglobin Bethesda with hemoglobin Chesapeake, the first variant found in association with compensatory erythrocytosis (31, 32) . It is likely that both hemoglobins have high ligand affinity because of a shift in the conformational equilibrium in favor of the liganded form. As postulated above, the amino acid substitution in hemoglobin Bethesda lessens the stability of the deoxy-form. In contrast, hemoglobin Chesapeake's substitution at the alPs interface appears to result in increased stability of the liganded form (33, 30 
